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Abstract
During development, the semaphorin family of guidance molecules is required for proper formation of the sympathetic nervous system. Plexins
are receptors that mediate semaphorin signaling, but how plexins function during sympathetic development is not fully understood. Using
phenotypic analyses of mutant mice in vivo, expression pattern studies, and in vitro assays, we show that plexin-A3 and plexin-A4 are essential
for normal sympathetic development. This study confirms our previous in vitro findings that the two plexins differentially regulate the guidance of
sympathetic axons. In addition, we find that semaphorin signaling through plexin-A3 and plexin-A4 restricts the migration of sympathetic
neurons, but these two plexins function redundantly since migration defects are only observed in plexin-A3/-A4 double mutants. Surprisingly, our
analysis also indicates that plexin-A3 and plexin-A4 are not required for guiding neural crest precursors prior to reaching the sympathetic anlagen.
Immunoprecipitation studies suggest that these two plexins independently mediate secreted semaphorin signaling. Thus, plexin-A3 and plexin-A4
are expressed in newly-differentiated sympathetic neurons, but not their neural crest precursors. They function cooperatively to regulate the
migration of sympathetic neurons and then differentially to guide the sympathetic axons.
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During the development of the nervous system, neurons
migrate to appropriate locations and project axons to make
connections with targets. Environmental cues are required to
guide these events. The semaphorin family of axon guidance
molecules is one such cue that has been implicated in both neuron
migration and axon guidance (Bagri and Tessier-Lavigne, 2002;
Dickson, 2002; He et al., 2002; Tessier-Lavigne and Goodman,
1996). The class 3 semaphorins are a unique subset of this family
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doi:10.1016/j.ydbio.2008.01.002consisting of neuropilins and plexins (Fujisawa, 2004; Huber et
al., 2003; Tran et al., 2007; Pasterkamp and Kolodkin, 2003;
Waimey and Cheng, 2006). In the past decade, specific
interactions between class 3 semaphorins and neuropilins have
been established (Chen et al., 1997; Giger et al., 1998, 2000; He
and Tessier-Lavigne, 1997; Kitsukawa et al., 1997; Kolodkin et
al., 1997; Nakamura et al., 1998; Taniguchi et al., 1997).
Particularly, Sema3A and Sema3F have been shown to bind
neuropilin-1 and neuropilin-2, respectively. While plexins and
neuropilins form co-receptors for the class 3 semaphorins, most
plexins do not directly bind to the secreted semaphorins (Gu et
al., 2005; He et al., 2002; Takahashi et al., 1999; Tamagnone et
al., 1999). Consequently, it is challenging to understand how
each plexin specifically mediates the function of class 3
semaphorins in the developing nervous system.
The development of the sympathetic nervous system has been
well documented in multiple species (Rubin, 1985; Francis and
Landis, 1999; Le Douarin and Kalcheim, 1999; Kuan et al.,
449K.E. Waimey et al. / Developmental Biology 315 (2008) 448–4582004; Young et al., 2004; Kasemeier-Kulesa et al., 2005).
During sympathetic development, neural crest cells from the
dorsal neural tube migrate ventrally to aggregate near the
dorsolateral aspect of the developing aorta, forming the
sympathetic anlagen. This process occurs by embryonic day
10.5 (E10.5) in the mouse. Sympathetic precursors then differ-
entiate into neurons and undergo a period of rostral–caudal
intermixing migration (Le Douarin and Kalcheim, 1999). This
intermixing migration segregates sympathetic neurons into the
discrete ganglia of the mature sympathetic nervous system by
E13.5, including the superior cervical ganglia (SCG), stellate
ganglia, and sympathetic chain ganglia. Finally, to function
properly, young sympathetic neurons also must send their axons
to make connections with appropriate targets.
Several families of molecules have been implicated in
regulating sympathetic migration and axon guidance, including
semaphorins and their neuropilin receptors (Bron et al., 2004;
Durbec et al., 1996; Gammill et al., 2006; Kawasaki et al., 2002;
Krull et al., 1997; Young et al., 2004). Sema3F and neuropilin-2
are required for the segmental migration of neural crest cells
through the somites (Gammill et al., 2006). In addition, mutant
mouse analysis and expression pattern studies show that
Sema3A and neuropilin-1 are involved in the migration of
sympathetic cells and axon guidance (Behar et al., 1996;
Kawasaki et al., 2002). Although plexin-A3 and plexin-A4 are
required for sympathetic axon guidance in vitro (Cheng et al.,
2001; Suto et al., 2005; Yaron et al., 2005), how they mediate
semaphorin signaling in vivo is still unclear. Here, we confirm
that plexin-A4 preferentially regulates sympathetic axon
projections in vivo. Unexpectedly, we also find that plexin-A3
and plexin-A4 redundantly guide sympathetic migration and that
these receptors are required to restrict the migration of
sympathetic neurons but not neural crest precursors.
Materials and methods
Animals
Plexin-A3 and plexin-A4 mutant mice were generated by gene targeting
(Cheng et al., 2001; Yaron et al., 2005). Animal protocols were approved by the
Institutional Animal Care and Use Committee at the University of California,
Davis.
Immunohistochemistry
Whole-mount anti-TH immuno-staining was performed as reported (Cheng
et al., 2001). After fixation in 4% paraformaldehyde (PFA) and removal of
internal organs, embryos were treated with a rabbit anti-TH-antibody (1:200
dilution; Chemicon International Inc., Temecula, CA) in Tris buffered saline
containing 1% Tween-20, 5% milk, 5% DMSO and 0.1% sodium azide for
2 days at 4 °C. After washing with phosphate buffered saline (PBS), HRP-
conjugated goat anti-rabbit antibody (1:200 dilution; Vector Labs, Burlingame,
CA) was added. Embryos were developed in diaminobenzidine (DAB) with
0.1% H2O2.
Immunohistochemistry on sections was performed as follows. Embryos
were fixed with 4% PFA, cryo-sectioned (10 μm thick), and permeablized with
0.1% Triton-X-100 for 5 min, blocked with 3% bovine serum albumin (BSA) in
PBS for 1 h, and incubated with primary antibody overnight at 4 °C. A
biotinylated secondary antibody was added and incubated for 1 h. After several
washes in PBS, sections were developed with an ABC kit (Vector Labs). Images
were acquired with a Zeiss microscope.Detection of sympathetic precursors was performed with antibodies against
rabbit anti-p75 NGF (nerve growth factor) receptor antibody (1:200 dilution;
Chemicon International Inc.) and mouse anti-MASH1 (1:100 dilution; Becton
Dickinson, Franklin Lakes, NJ). The signals were detected with appropriate
Alexa 488-conjugated secondary antibodies.
Quantification of ectopic cells
Quantification of ectopic sympathetic neurons was performed by examining
serial 10 μm sections at the level of the SCG in each embryo, as described by
Nishino et al. (1999) in quantifying cell number at the ganglia. Cells were
considered to be ectopic sympathetic neurons if they were 1) TH-positive, 2)
displayed the smooth, roundedmorphology consistent with cell somas, and 3)more
than 20 μm away from the normally located superior cervical ganglia. To quantify
the ectopic cells, the number of all ectopic TH-positive cells in each section was
counted and averaged. A minimum of 10 sections was examined for each embryo,
and two or more animals were quantified per embryonic stage and genotype.
BrdU labeling
Proliferating cells were detected by labeling with 5-bromo-2-deoxyuridine
(BrdU; Sigma-Aldrich, St. Louis, MO). Pregnant dams were intra-peritoneally
injected 2 h before sacrifice with BrdU (50 μg/gm body weight). Cryo-sections
were permeablized, treated in 2 N HCl for 30 min at 37 °C, and blocked with 3%
BSA in PBS. Sections were stained with primary mouse anti-BrdU antibody
(1:50 dilution; Becton Dickinson) and secondary anti-mouse Alexa 594-
conjugated antibodies (Molecular Probes, Eugene, OR). Nuclei were counter-
stained with 4′, 6-Diamidino-2-phenylindole (DAPI; Molecular Probes). During
double labeling for BrdU and TH, additional anti-TH staining was performed as
described above except that an anti-rabbit Alexa 488-conjugated secondary
antibody was used. The mitotic index was calculated as the ratio of BrdU-
positive cells within TH-positive sympathetic neurons for each sympathetic
ganglion and ectopic TH-positive cells.
Cell death detection
Cell death was assessed using a TUNEL in Situ Cell Death Detection Kit
(Roche Diagnostics Corporation, Indianapolis, IN). Cryo-sections were
permeablized in 10 mM Tris, pH 7.5, containing 0.1% Triton-X-100 and 3%
proteinase K, incubated with 0.1% sodium citrate in PBS for 30 min, and
blocked with 0.2% BSA in PBS for another 30 min. DNA strand breaks were
visualized by labeling free 3′-OH DNA ends with a labeling mixture containing
TdT and fluorescent-labeled nucleotides for 1 h at 37 °C. Nuclei were
counterstained with 4′, 6-Diamidino-2-phenylindole (DAPI; Molecular Probes)
and subsequent double labeling of TH by immuno-fluorescence was performed
as described. The percentage of sympathetic cells undergoing apoptosis was
determined in wild-type and plexin-A3/-A4 double mutant mice.
RNA in situ hybridization
In situ hybridization of tissue sections with digoxigenin-labeled mouse
Sema3A, Sema3F, plexin-A3 and plexin-A4 riboprobes on cryo-sections (20 μm
thick) was performed as described (Cheng et al., 2001). Whole mount in situ
hybridization was performed as follows: 32 somite embryos were fixed in 4%
paraformaldehyde in PBS and dehydrated in a graded series of PBT (PBS with
0.1% Tween-20) in methanol ending with 100% methanol. Embryos were
rehydrated and bleached with 6% hydrogen peroxide and treated with 10 mg/ml
proteinase K for 10 min. Hybridization was carried out at 68 °C in hybridization
buffer for 24 h. Alkaline phosphatase development was carried out in the
presence of 10% poly vinyl alcohol (Sigma-Aldrich) in CT buffer (100mMTris–
HCl, pH 9.5, 150 mM NaCl, 25 mM MgCl2, 0.5% Tween-20 and 2 mM
levamisol) for 3–6 h at room temperature.
In vitro migration assay
Sympathetic ganglia were dissected from E12.5 embryos in ice-cold L15
media containing 5% heat-inactivated horse serum. SCGs were washed in 1×
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dissociated with 0.05% Trypsin–EDTA and 0.5 mg/ml DNase I (Sigma-
Aldrich) at 37 °C for 6 min, followed by trituration with 1 mg/ml DNase I in
HBSS. Cell debris was removed with centrifugation at 1000 rpm for 4 min, and
neurons were resuspended in growth medium (1 mg/ml BSA, 20 mM L-
glutamine, 1000 units/ml Penicillin/Streptomycin, and 50 ng/ml NGF in F12:
DMEM). Of the cells dissected from the sympathetic ganglia, more than 95%
were TH-positive sympathetic neurons. Four-thousand cells per well were plated
on the upper chambers of poly-D-lysine and laminin-treated Corning Transwell
permeable membranes, with Sema3A-, Sema3F-, or control-conditioned media
added into the upper chambers. Migration was stopped after 15 h by fixation and
post-migratory cells on the lower side of the filters were visualized and
quantified with DAPI. The chemotactic index was determined by counting the
number of post-migratory cells in control and experimental wells. The number
of cells repelled by each semaphorin-added well was divided by the number of
repelled neurons in control media in a minimum of 5 experiments; thus, the
index equals 1.0 if no repulsion occurs.
Sema3A- or Sema3F-conditioned media were prepared as follows: COS
cells were transfected with plasmids encoding full-length Sema3A or Sema3F
cDNA using Lipofectamine 2000 (Invitrogen). After 16 h of transfection, the
medium was replaced with sympathetic growth media. The transfected COS
cells were further incubated for 48 h before the medium was collected and
filtered using a Centriplus YM-1000 filter device (Millipore, Bedford, MA).
Immunoprecipitation
COS cells at 90% confluency were subjected to Lipofectamine 2000
transfection (Invitrogen) with plasmids containing cDNAs. Transfected cells
were harvested in lysis buffer containing 50 mM HEPES pH 6.9, 1 mM MgCl2,
5 mM EGTA, 10% glycerol, and 0.2% NP-40 with a cocktail of protease
inhibitors (Roche). Insoluble material was removed by centrifugation at 4 °C for
15 min at 10,000×g, and recovered supernatant was immunoprecipitated by
primary antibodies. The immune complexes were then immobilized on protein
G- or protein A-Sepharose beads (Roche), washed 6 times with lysis buffer,Fig. 1. Abnormalities of the developing sympathetic nervous system in plexin mutan
embryo indicating the normal placement of ganglia, which includes the superior cerv
red line shows the area of images B–E. The dashed blue line shows the area of imag
stained with an antibody against tyrosine hydroxylase (TH). (C) The plexin-A3 knock
exhibits aberrant axons that project medially (arrows). (E) The plexin-A3/-A4 double
(arrows) medial to the normal ganglia. (F–G) Whole-mount staining of WTand PLA3
embryos for viewing. (H–I) Sympathetic defects of PLA3/A4 KO at E15.5. (J–K) De
B–E, 200 μm; F–G, 150 μm; H–I, 275; J–K, 400 μm.resuspended and boiled in SDS-PAGE sample buffer, separated by SDS-PAGE,
and transferred onto a polyvinylidene fluoride (PVDF) membrane (Millipore)
for Western blotting.Results
Plexin mutants exhibit sympathetic axon guidance and neuron
migration defects
To determine the specific roles of plexin-A3 and plexin-A4
in sympathetic development, we set out to examine the
morphology of the sympathetic ganglia in mouse mutants
lacking these plexin receptors. Using anti-tyrosine hydroxylase
(TH) whole-mount staining we examined the overall structure
of the ganglia at E13.5 (Figs. 1A, B). At this stage, cervical-
level sympathetic neurons normally project axons along the
ganglia in rostral–caudal directions, which will innervate the
eyes, head, and neck. Mutant mice lacking plexin-A3 also
exhibit this normal phenotype (Fig. 1C). In contrast, plexin-A4
mutants show obvious axon guidance defects (Fig. 1D).
Numerous abnormal axons in plexin-A4 mutants project
medially from the sympathetic ganglia at this stage (arrows in
Fig. 1D). In plexin-A3/-A4 double mutants more severe axon
guidance defects are observed (Fig. 1E). When examined in
sections, the TH-positive signals in plexin-A4 mutants exhibit a
thin filamentous morphology (Figs. 2C, E). In plexin-A3/-A4
double mutants numerous large bundles of TH-positive
filamentous fibers are seen medial to the sympathetic ganglia
(Figs. 2D, F), consistent with more severe axon guidancet mice. (A) A schematic diagram of the sympathetic nervous system in an E13.5
ical ganglia (SCG), stellate ganglia, and sympathetic chain ganglia. The dashed
es in panels F–K. (B) Awhole-mount image of an E13.5 wild-type (WT) mouse
out (PLA3 KO) shows no obvious defects. (D) The plexin-A4mutant (PLA4 KO)
mutant (PLA3/A4 KO) exhibits abnormally located axons and cell aggregates
/A4 KO show defects as early as E11.5. Asterisks indicate pins used to splay the
fects are still apparent at postnatal day 1 (P1) in PLA3/A4 KO mice. Scale bars:
Fig. 2. Axon guidance and neuronal migration defects in the sympathetic nervous system of plexin-A3, plexin-A4 and plexin-A3/-A4mutants. (A–D) Cross sections of
E13.5 mice at the level of superior cervical ganglia (SCG) stained with anti-tyrosine hydroxylase (TH) antibodies. No ectopic staining is seen in panel Awild-type mice
(WT, with Toluene Blue counter-staining to show surrounding tissues) and in panel B plexin-A3mutants (PLA3 KO). Plexin-A4mutants (PLA4 KO) exhibit only axon
guidance defects (C). Numerous ectopic axons and neurons are seen in plexin-A3/-A4 double mutants (PLA3/A4 KO) (D). (E) A higher magnification of the boxed area
in panel C to highlight the TH-positive axons. (F) A higher magnification of the right boxed area in panel D showing greater numbers of fasciculating axons in PLA3/
A4 KO than in PLA4 KO. (G) A higher magnification of the left boxed area in panel D showing ectopic cells that aggregate medially to the ganglia. (H–J) Sample
images of the sympathetic chain ganglia from E13.5 WT or mutant embryos at trunk levels. Defects observed at cervical level are also seen at this level in PLA4 KO
(arrow in panel I) and in PLA3/A4 KO (J). (K) Quantification of dislocated sympathetic neurons from WT, PLA3 KO, PLA4 KO, and PLA3/A4 KO mice. The line
graph shows the average number (mean±S.E.M.) of ectopic sympathetic neurons for each phenotype in the cervical region (n=15 for WT; n=3 for PLA3 KO; n=3 for
PLA4 KO; n=17 for PLA3/A4 KO). See Materials and methods for quantification details. From E11.5 to E17.5, WT, PLA3 KO, and PLA4 KO mice exhibit few
dislocated cells. In contrast, PLA3/A4 KO mice at E11.5 have already shown significantly increased dislocated neurons medial to the ganglia (pb0.0001, Student's t
test). This difference is dramatically increased between E12.5 and E13.5, and plateaus after E13.5. Scale bars: A–D, 200 μm; E–G, 50 μm; H–J, 100 μm.
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in plexin-A3/-A4 double mutants (Fig. 1G), and persist through
postnatal day 1 (P1) (Fig. 1K). These in vivo results confirm in
vitro findings that plexin-A3 and plexin-A4 differentially
regulate axon guidance in sympathetic neurons (Yaron et al.,
2005).While plexin-A3 and plexin-A4 have been implicated in the
axon guidance of sympathetic neurons, their role in sympathetic
cell migration has not been determined. In addition to abnormal
axons, plexin-A3/-A4 double mutants exhibit ganglion-like TH-
positive staining. In whole mount preparations, they are located
medially to the normal sympathetic ganglia (arrows in Fig. 1E).
452 K.E. Waimey et al. / Developmental Biology 315 (2008) 448–458In cross sections, this TH-positive staining is consistent with
neurons that form ectopic ganglia, as they form aggregates with
smooth and rounded appearances (Figs. 2D, G). Neither plexin-
A3 nor plexin-A4 single mutant exhibits ectopic ganglia. The
finding that ectopic cells are only seen in the double mutants
indicates that plexin-A3 and plexin-A4 are redundantly required
for cell migration, as a lack of both of these receptors is necessary
for the development of migration defects in the sympathetic
nervous system.
Although neither single plexin mutant exhibits ectopic
sympathetic cells, we did note that plexin-A4 single mutants
are morphologically different from wild type mice. After
reaching the dorsal aorta, differentiated sympathetic neurons
undergo rostral–caudal intermixing migration that results in the
differentiated ganglia. This process forms the superior cervical
ganglia and stellate ganglia by E13.5 (Fig. 1B). This segregation
seems incomplete in plexin-A4 and plexin-A3/-A4 mutants
(Figs. 1D, E), indicating that the rostral–caudal phase of
sympathetic migration may require plexin-A4. Since this subtle
phenotype is hard to quantify, migration defects in this report
focus on ectopic neurons. Taken together, we conclude that,
while plexin-A4 may contribute to the segregation between the
SCG and the stellate ganglia, both plexin-A3 and plexin-A4 act
redundantly to restrict migrating neurons to the sympathetic
ganglia during development.
Plexin-A3 and plexin-A4 are not required for neural crest
migration
The migration defects seen in plexin-A3/-A4 double mutants
suggest that abnormal migration occurs prior to or during E13.5
in the mouse. Since sympathetic neurons have undergone both
neural crest migration and rostral–caudal migration by this
time, we decided to determine which of these processes require
plexin-A3 and plexin-A4 signaling. To address the possibility
that plexin-A3 or plexin-A4 may guide sympathetic precursors
prior to reaching the dorsal aorta, we studied the expression of
plexin-A3 and plexin-A4 in migrating neural crest cells and the
sympathetic anlagen. Plexin-A3 and plexin-A4 are not detected
in neural crest cells during migration through the somites (Figs.
3A, B). Instead, these plexins are only upregulated after neural
crest cells reach the sympathetic anlagen. Plexin-A3 expression
is not evident in the sympathetic ganglia until E11.5 (Fig. 3G).
In contrast to plexin-A3, plexin-A4 is expressed earlier. In
whole mount preparations, plexin-A4 is first detected at the
sympathetic anlagen at E9.5 (Fig. 3B). This expression pattern
has been observed in other genes that are specific to sympathetic
anlagen (For example: Britsch et al., 1998; Durbec et al., 1996).
The expression of plexin-A4 in the sympathetic ganglia is more
evident at E10.5 (Figs. 3D, F).
Even low expression levels of plexins may be able to guide
neural crest cells. As neural crest cells migrate ventrally, they
undergo segmental migration through the rostral somites and
avoid the caudal somites. Previous analyses show that segmental
neural crest migration through the somites is disrupted in Se-
ma3F and neuropilin-2 mutants (Gammill et al., 2006). How-
ever, it has not been fully addressed whether the laterdevelopment of the sympathetic nervous system is altered in
these mutants (Chen et al., 2000; Giger et al., 2000; Sahay et al.,
2003). Since plexins form co-receptors with neuropilins to
mediate class 3 semaphorins, we set out to determine the roles of
plexin-A3 and plexin-A4 in this context despite possible low
expression levels. We first investigated the requirement of
plexin-A3 and plexin-A4 in neuropilin-2-mediated segmental
migration through the somites by viewing p75-positive neural
crest cells. As reported, neuropilin-2 mutants exhibit a loss of
this segmental migration (Fig. 3J). However, plexin-A3/-A4
double mutants show normal migration through the rostral
somites, as seen in wild-type mice (Figs. 3I, K), indicating that
plexin-A3 and plexin-A4 are not required for Sema3F/neuropi-
lin-2-mediated neural crest migration through the somites.
To further examine the roles of plexin-A3 and plexin-A4
during ventral neural crest migration, we used markers for p75,
MASH1, and TH, to label sympathetic precursors and neurons
as they aggregate at the dorsal aorta to form the sympathetic
anlagen. In wild-type mice, sympathetic precursors and neurons
are located in aggregates at the dorsal aorta by E10.5 (Figs. 3L,
N, P). This aggregation is also seen in plexin-A3/-A4 double
mutants, with no ectopic sympathetic precursors or neurons
observed (Figs. 3M, O, Q). That no ectopic cells are seen by this
stage indicates that plexin-A3 and plexin-A4 are not required
for the ventral migration of sympathetic precursors. The
absence of ectopic neurons at E10.5 in plexin-A3/-A4 double
mutants is different from what has been reported in neuropilin-1
or Sema3A mutants, in which ectopic sympathetic precursors
can be seen as early as E9.25 (Kawasaki et al., 2002). Instead,
migration defects in plexin-A3/-A4 double mutants are not seen
until E11.5, when both plexins are first expressed.
Ectopic neurons in plexin-A3/-A4 double mutants develop with
the rostral–caudal migration of sympathetic neurons
Since the migration defects in plexin-A3/-A4 double mutants
are not due to aberrant migration of sympathetic neural crest
precursors, we next characterized the migration of differentiated
sympathetic neurons in plexin mutant embryos. Plexin-A3 and
plexin-A4 are first coexpressed in sympathetic neurons at
E11.5. Starting at E11.5, we quantified and compared the
average number of ectopic sympathetic neurons at the level of
the SCG. This analysis shows that, from E11.5 to E17.5, plexin-
A3 or plexin-A4 single mutants exhibit only small numbers of
dislocated neurons that are not significantly different from the
numbers observed in wild-type mice. However, in plexin-A3/-
A4 double mutants, ectopic neurons are evident by E11.5 (Fig.
2K). More importantly, instead of increasing linearly over time,
a more than 2-fold increase in ectopic neurons is observed
between E12.5 and E13.5 (Fig. 2K). After E13.5, the number of
ectopic cells in double mutants plateaus through E17.5. The
rapid increase in ectopic cells through E13.5 correlates with the
rostral–caudal migration of sympathetic neurons (Nishino et al.,
1999), suggesting that plexin-A3 and plexin-A4 act to restrict
the migration of sympathetic neurons during this phase.
During sympathetic development, the different ganglia of the
sympathetic nervous system are thought to be derived from
Fig. 3. Ventral migration of neural crest cells is unaffected in plexin-A3/-A4 double mutants. (A–D) In situ hybridization on whole mount embryos shows that plexin-
A3 and plexin-A4 are expressed after sympathetic precursors have reached the sympathetic anlagen. Plexin-A3 and plexin-A4 are not expressed in segmentally
migrating neural crest cells in the somites at E9.5 (A and B) but initial plexin-A4 expression can be seen at the sympathetic anlagen at this stage (arrow in panel B). At
E10.5, plexin-A4 expression is seen in the sympathetic anlagen (arrow in panel D). Additionally, both plexin-A3 and plexin-A4 expression is seen in the dorsal root
ganglia (C and D). (E–F) Sections of embryos from C and D again show plexin-A4 expression in the sympathetic ganglia, but not plexin-A3 expression (Plane of
section is indicated with dashed lines on the whole mount view). The expression of plexin-A3 at the sympathetic ganglia is not seen until E11.5 (G). (I–K) Coronal
sections of E9.5 WT and mutant embryos immuno-stained with anti-p75 antibodies to show the migration patterns of neural crest cells in the somites. Somites are
delineated by dotted lines. Neural crest cells migrate segmentally through the rostral sclerotomes (R), and avoid the caudal (C) in wild-type mice (WT) (I). The rostral
migration pattern is lost in neuropilin-2 mutants (Npn2 KO) (J). Plexin-A3/-A4 double mutants (PLA3/A4 KO) do not exhibit neural crest migration defects (K).
(L–M) Cross sections of sympathetic precursors at E10.5 in WT and PLA3/A4 KO mice immuno-stained with a MASH1 antibody. A subpopulation of sympathetic
precursors expresses MASH1 at this stage inWTembryos (L). Similar aggregation and expression are also seen in PLA3/A4 KOmutants (M). (N–Q) Cross sections of
E10.5 WT and mutant embryos immuno-stained with antibodies against p75 and tyrosine hydroxylase (TH) to show the aggregation patterns of the sympathetic
precursors in the anlagen. Cells in the WT embryos form discrete aggregates at the dorsal aorta (N and P). Normal aggregation also occurs in the PLA3/A4 KO
embryos, as no ectopic cells are seen (O and Q). DM, dermamyotome; SC, sclerotomes; NT, neural tube. Scale bars: A–B, 200 μm; C–D, 500 μm; E–H, 100 μm; I–K,
N–Q, 50 μm; L–M, 25 μm.
453K.E. Waimey et al. / Developmental Biology 315 (2008) 448–458different axial levels of the neural crest. Particularly, the vagal
neural crest is thought to contribute primarily to the SCG while
the trunk neural crest develops mainly into the more caudal
stellate ganglia and sympathetic chain ganglia (Durbec et al.,
1996). Interestingly, defects in plexin-A3/-A4 double mutants
were found at all axial levels examined (Figs. 2H, I, J). Since the
SCG and stellate ganglia contain the largest numbers of
sympathetic neurons, defects were most obvious at these levels.
This indicates that plexin-A3 and plexin-A4 are required torestrict migrating sympathetic neurons regardless of neural crest
origin.
One can argue that the increase in ectopic cells between
E12.5 and E13.5 in plexin-A3/-A4 double mutants may be due
to increased cell division or decreased cell death, rather than due
to aberrant cell migration. Cell division occurs during this
period of sympathetic development and contributes to the
increased size of the SCG (Rubin, 1985). However, very little
cell death occurs between E11.5 and E13.5 in sympathetic
454 K.E. Waimey et al. / Developmental Biology 315 (2008) 448–458neurons (Enomoto et al., 2001). To rule out these possibilities,
we first calculated the mitotic index, defined as the ratio of
BrdU-positive cells within TH-positive sympathetic neurons, in
the sympathetic ganglia and in ectopic neurons. The mitotic
index is similar between SCG cells in wild-type and double
mutant mice. This index is also the same in ectopic neurons and
neurons of the SCG in double mutant mice (Figs. 4A, C).
Second, between E11.5 and E13.5, cell death (TUNEL) assays
show that less than 2% of sympathetic cells are both TH- and
TUNEL-positive (Figs. 4B, D). Such low frequency of cell
death is consistent with previous reports (Enomoto et al., 2001).
In addition, no detectable differences in cell death are seen
between wild-type and plexin-A3/-A4 double mutants (Figs. 4B,
D). These data suggest that plexin-A3 and plexin-A4 confine
sympathetic neurons to the sympathetic anlagen during rostral–
caudal migration and that ectopic cells in plexin-A3/-A4 doubleFig. 4. Rates of sympathetic neuron mitosis and apoptosis are normal in plexin-A3/-A4
colocalization of tyrosine hydroxylase (TH) with BrdU or TUNEL staining. Individu
image, the SCG is outlined with a white dashed line. The colocalization of TH (gre
Colocalization of TH and TUNEL-positive (red) cells in the SCG of WT and PLA3/A
cells to TH-positive sympathetic cells) in the superior cervical ganglia (SCG) show
mutant (PLA3/A4 KO) embryos. In addition, ectopic cells (Ectopic) and SCGs from p
cells for each phenotype from E11.5 to E13.5 (n=6 for WT; n=7 for PLA3/A4 KO).
and E13.5 are not changed between WT and PLA3/A4 KO mice. Numbers are in mmutants develop due to abnormal migration rather than changes
in the cell cycle.
Sympathetic neurons from plexin-A3/-A4 double mutants lose
migratory responsiveness to class 3 semaphorins
To address how plexins mediate sympathetic neuronal
migration, we investigated the migration of sympathetic
neurons in a modified Boyden chamber chemotactic assay.
Since Sema3A and Sema3F have previously been determined to
guide sympathetic axon guidance, we investigated their roles in
sympathetic migration. We found that both Sema3A and
Sema3F are able to repel dissociated neurons from wild-type
sympathetic SCGs in vitro (Fig. 5A). In contrast to previous
results for sympathetic axon guidance (Yaron et al., 2005), we
found that Sema3A and Sema3F can indistinguishably repeldouble mutant embryos. (A–B) Representative images of the SCG showing the
al channels are shown separately and in a merged image below. In each merged
en) and BrdU (red) staining in WT and PLA3/A4 KO mice is seen in panel A.
4 KO mice (B). (C) Quantification of mitotic indices (the ratio of BrdU-positive
s no significant differences between wild-type (WT) and plexin-A3/-A4 double
lexin-A3/-A4 double mutants show similar indices. Numbers are in mean±S.E.M.
(D) The percentage of apoptosis in the superior cervical ganglia at E11.5, E12.5,
ean±S.E.M. as determined by TUNEL analysis. Scale bars: A–B, 100 μm.
Fig. 5. Sympathetic neurons from plexin-A3/-A4 double mutants lose their migratory responsiveness to Sema3A and Sema3F in vitro. (A) Responses of dissociated
sympathetic neurons from E12.5 wild-type (WT), plexin-A3 (PLA3 KO), plexin-A4 (PLA4 KO), and plexin-A3/-A4 (PLA3/A4 KO) mutant mice to a gradient of
Sema3A or Sema3F in a modified Boyden chamber chemotaxis assay. The chemotactic index is determined by the number of neurons repelled by semaphorins divided
by the number of repelled neurons treated with control media (n=3 to 6 for each experiment). See Materials and methods for detail. Both Sema3A and Sema3F repel
migrating sympathetic neurons from WT, PLA3 KO and PLA4 KO mice. In contrast, sympathetic neurons from PLA3/A4 KO animals lose responsiveness to both
Sema3A and Sema3F (asterisks indicate pb0.01 and pb0.05, for Sema3A and Sema3F, respectively, Student's t test). (B–E) Representative images of DAPI-stained
sympathetic neurons after migration from a gradient of Sema3A. (F–I) Expression patterns of Sema3A and Sema3F with in situ hybridization. Cross sections of E11.5
embryos show that Sema3A is expressed in the dermamyotome and paraxial mesenchymal tissues (F). By E13.5, Sema3A is highly expressed in the mesenchymal
areas medial to and surrounding the sympathetic ganglia (G). The sympathetic ganglia are circled in panels G, I. Sema3F is not expressed in tissues surrounding the
developing sympathetic ganglia from E11.5 to E13.5 (H–I). (J–K) Tyrosine hydroxylase (TH) staining of wild type and neuropilin-2 mutant (Npn2 KO) mice. Npn2
KO mice exhibit no obvious defects. DM, dermamyotome; SG, sympathetic ganglia; SpC, spinal cord; N, notochord; DRG, dorsal root ganglia. Scale bars; F, H,
100 μm; G, I, J–K 200 μm.
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mutants. However, sympathetic neurons from plexin-A3/-A4
double mutants do lose their ability to migrate away from both
of these semaphorins in vitro (Figs. 5A–E). These data are
consistent with in vivo results showing that the presence of
either plexin-A3 or plexin-A4 in sympathetic neurons is
sufficient to restrict these cells to the ganglia.
Previous studies have implicated Sema3A and neuropilin-1
in regulating the migration of sympathetic neurons (Behar et al.,
1996; Kawasaki et al., 2002) but it is not clear whether Sema3F
and neuropilin-2 are also involved. To elucidate which
semaphorins may be involved in plexin-A3/-A4-mediated
sympathetic migration, we examined the expression of Se-
ma3A and Sema3F. During neural crest cell migration, Sema3A
mRNA is strongly expressed in dermamyotomes and forelimbs,
and mildly in paraxial mesenchymal tissues (Kawasaki et al.,
2002) (data not shown). The expression of Sema3A in paraxial
mesenchymal tissues becomes stronger when sympathetic
neurons began the stage of rostral–caudal migration. By
E11.5, strong Sema3A expression is seen in the dermamyotome,
surrounding dorsal root ganglia, and in paraxial mesenchymal
tissues at cervical and trunk levels (Figs. 5F) (data not shown).
By E13.5, continued expression of Sema3A is noted in the
dermamyotome and mesenchymal tissues medial to and
surrounding the sympathetic ganglia (Fig. 5G). In contrast, Se-
ma3F transcripts are undetectable during this period (Figs. 5H–
I). Since neuropilin-2 is required for Sema3F signaling, we alsoexamined mutant mice lacking neuropilin-2, and found that
neuropilin-2 mutants do not exhibit any detectable sympathetic
defects at E13.5, demonstrating that Sema3F/neuropilin-2
signaling is not required to restrict sympathetic neurons to the
ganglia in vivo (Figs. 5J–K). Taken together, these results
indicate that, in response to Sema3A signals, plexin-A3 and
plexin-A4 function redundantly to restrict the migration of
sympathetic neurons during the rostral–caudal phase of
sympathetic migration.
Plexin-A3 and plexin-A4 form independent receptor complexes
with neuropilins
Previous biochemical data have shown that plexin co-
immunoprecipitates with neuropilin to form a receptor complex
in transiently transfected cells (Rohm et al., 2000; Takahashi et
al., 1999), but it is not knownwhether these two different plexins
interact with each other. We report that plexin-A3 and plexin-A4
are differentially and redundantly required for axon guidance
and neuron migration in the developing sympathetic nervous
system in vivo. It is likely that these two plexins form separate
receptor complexes with neuropilin on the cell surface to
mediate semaphorin signals but there is some data to suggest that
plexins can also associate with each other (Usui et al., 2003). To
examine what associations plexin-A3 and plexin-A4 can make,
we performed co-immunoprecipitation experiments in COS
cells. As expected, plexin-A4 associates with neuropilin-1 and
456 K.E. Waimey et al. / Developmental Biology 315 (2008) 448–458neuropilin-2 (Fig. 6A). We then tested the interactions between
plexin-A3 and plexin-A4 and found that the two plexins do not
associate with each other when over-expressed (Fig. 6B). The
presence of neuropilin-1 or neuopilin-2 does not lead to the
association of these two plexins (Fig. 6C). These data indicate
that when plexin-A3, plexin-A4, neuropilin-1 and neuropilin-2
are all present on the cell surface, as seen in sympathetic neurons,
each plexin and neuropilin forms a distinct receptor complex to
mediate specific semaphorins.
Discussion
Proper neuron migration and axon guidance are important for
the formation of a functional nervous system.We have examined
the roles of plexin-A3 and plexin-A4 in sympathetic develop-
ment, and found that both plexins redundantly restrict
sympathetic neurons to the ganglia during rostral–caudal
migration, and differentially guide sympathetic axons in vivo.
However, these two plexins are not required during ventral
neural crest migration. Immunoprecipitation assays suggest thatFig. 6. Plexin-A3 and plexin-A4 do not associate with each other. (A) Western
blot analysis shows that plexin-A4 (PLA4) immunoprecipitates with neuopilin-1
(Npn1) or neuropilin-2 (Npn2) when over-expressed in COS cells. (B) Plexin-
A3 (PLA3) does not associate with PLA4 when both plexins are expressed. (C)
The presence of either neuropilin does not promote the association of PLA3 and
PLA4 in COS cells over-expressing these proteins. Each protein is fused with a
tag as indicated. For each lane, “+” indicates the proteins that are expressed.
Specific antibodies against tags that are used in the immunoprecipitation (IP)
and western blot (Blot) are listed. The bands corresponding to the size of plexin
or neuropilin are also indicated. Lys, cell lysates.plexin-A3 and plexin-A4 form independent receptor complexes
to mediate semaphorin signaling. Our results have identified the
specific roles of plexin-A3 and plexin-A4 in regulating sym-
pathetic axon guidance and neuron migration in vivo.
Both peripheral sensory and sympathetic neurons are derived
from neural crest cells. During the period when these two types
of neurons are actively sending their axons to make connections,
sensory neurons express only neuropilin-1, which associates
with Sema3A. In contrast, sympathetic neurons express both
neuropilin-1 and neuropilin-2, allowing them to respond to both
Sema3A and Sema3F, respectively (Chen et al., 1997;
Kawakami et al., 1996). Among all nine plexin receptors, only
plexin-A3 and plexin-A4 are expressed in these neurons at this
time point (Cheng et al., 2001). We previously used an in vitro
sympathetic axon repulsion assay to test the specificity of
plexins in mediating different semaphorin signals and found that
plexin-A3 is preferentially used in Sema3F/neuropilin-2 signal-
ing while plexin-A4 primarily signals downstream of Sema3A/
neuropilin-1 (Yaron et al., 2005). However, this preferential
usage does not exclude the involvement of plexin-A3 in
Sema3A/neuropilin-1 signaling or plexin-A4 in Sema3F/
neuropilin-2 signaling in vivo. Sema3A/neuropilin-1 signaling
guides peripheral sensory axons via both plexin-A3 and plexin-
A4, although plexin-A4 plays a more significant role than
plexin-A3 (Yaron et al., 2005). In this report, we examined the
guidance of sympathetic axons in plexin-A3 and plexin-A4
mutants and found that the defects are very similar to what has
been observed in sensory axons: sympathetic axon guidance is
defective in plexin-A4 single knockout animals but not in the
plexin-A3 mutants. In addition, these defects are more severe
in double mutants. Although neuropilin-2 is expressed in
sympathetic neurons, we showed that the neuropilin-2 knockout
embryos have normal sympathetic axon guidance and that no
detectable Sema3F transcripts can be seen in the neighboring
tissues when sympathetic projections are being formed. Taken
together, we conclude that, similar to sensory axons, sympa-
thetic neurons use Sema3A signals to guide their axons in vivo.
Both plexin-A3 and plexin-A4 are the signaling receptors for
this process, with a preference for the latter in vivo. In addition,
the presence of the neuropilin-2 receptor on sympathetic axons
does not seem to interfere with the differential usage of the two
plexins for Sema3A/neuropilin-1 signaling.
Suto et al. (2005) have recently suggested that two
transmembrane semaphorins, Sema6A and Sema6B, may also
contribute to the guidance of sympathetic axons through plexin-
A4. They show that plexin-A4 directly associates with Sema6A
and Sema6B, and that these two semaphorins are expressed in
the anterior vertebrate muscle near the sympathetic ganglia. We
have preliminarily examined the development of the sympa-
thetic nervous system in Sema6A mutant embryos and did not
observe any neuronal migration or axon guidance defects (data
not shown). Further examination is required to determine if
Sema6B regulates sympathetic development. As plexin-A4
mutant embryos exhibit axon guidance defects that are not
restricted to areas where Sema6B is expressed, it is likely that
plexin-A4 may mediate both long-range (secreted) and short-
range (transmembrane) semaphorin signals to guide sympathetic
457K.E. Waimey et al. / Developmental Biology 315 (2008) 448–458axons. Since plexin-A3 receptors may also play a role in
sympathetic axon guidance, further studies will be required to
determine whether plexin-A3 can also mediate short-range
semaphorin signals in developing sympathetic neurons.
Semaphorins and neuropilins are known to regulate the
migration of neural crest cells and sympathetic neurons in vivo
(Young et al., 2004). Sema3F signaling through neuropilin-2
restricts migrating neural crest cells to the rostral halves of
somites as they migrate from the neural tube (Gammill et al.,
2006). As these neural crest cells leave the somites and continue
migrating ventrally to form the sympathetic anlagen near the
aorta, Sema3A signaling through neuropilin-1 is required to
regulate this migration (Kawasaki et al., 2002). Although plexin-
A3 and plexin-A4 are known signaling receptors for Sema3A
and Sema3F, it is surprising to find that the ventral migration of
neural crest cells is intact in plexin-A3/-A4 double mutants. By
studying expression patterns, we found that this is due to the lack
of plexin-A3 and plexin-A4 in migrating neural crest cells. This
finding is consistent with the observations that 1) sympathetic
migration defects in plexin-A3/-A4 double mutants are not
detected until the beginning of sympathetic rostral–caudal
migration (E11.5) and that 2) the extent of the defects in plexin-
A3/-A4 double mutants is more limited than those in Sema3A or
neuropilin-1 mutants. These results also suggest that other
plexins or non-plexin receptors are required for the Sema3A-
and Sema3F-mediated ventral migration of sympathetic neural
crest precursors.
Plexin-A3 and plexin-A4 are required to restrict the migration
of sympathetic neurons during the rostral–caudal intermixing
phase of migration. Unexpectedly, we find that migration defects
are observed only in plexin-A3/-A4 double mutants but not in
either of the single mutants. Consistent with this finding,
sympathetic neurons from plexin-A3/-A4 double mutants, but
not those from single mutants, lose their responsiveness to
Sema3A and Sema3F in the in vitro migration assay. These
somewhat surprising results indicate that, in contrast to the
guidance of sympathetic axons, both plexin-A3 and plexin-A4
are utilized to mediate the sympathetic neuronal migration
caused either by Sema3A/neuropilin-1 signaling or Sema3F/
neuropilin-2 signaling. Since we did not observe any sympa-
thetic neuron migration defects in neuropilin-2 mutants and did
not detect Sema3F transcripts near the migrating sympathetic
neurons, it is most likely that plexin-A3 and plexin-A4
redundantly mediate Sema3A/neuropilin-1 signals in vivo to
restrict migrating sympathetic cells to the ganglia during the
rostral–caudal phase of migration.
In the presence of neuropilin-1, neuropilin-2, plexin-A3, and
plexin-A4, why do the two plexins act differently in mediating
the neuronal migration and axon guidance of developing
sympathetic neurons? In our attempt to address this issue, we
asked whether plexin-A3 and plexin-A4 are both present in large
receptor complexes with neuropilins on the cell surface.
Previous studies have focused on the cell surface interactions
between neuropilins and plexins, and have found that the
interactions are quite promiscuous (Rohm et al., 2000;
Takahashi et al., 1999; Tamagnone et al., 1999), although
there is evidence that plexins may associate with each other(Usui et al., 2003). We show that, plexin-A3 and plexin-A4 did
not associate with each other, even in the presence of
neuropilins. The biochemical data suggest that these two plexins
may separately form receptor complexes with neuropilin to
mediate semaphorin signaling in sympathetic neurons. Appar-
ently, more experiments are required to further address this issue.
For example, the components of cytoplasmic signaling mole-
cules that mediate plexin signaling can be changed when
sympathetic neurons shift developmental stages, such as from
migration to axonal projection. Alternatively, the number of
receptors expressed on the cell surface or the expression level of
semaphorins in the surrounding tissues can also change with
development. Despite these additional factors, this current
hypothesis is consistent with the observations that the presence
of neuropilin-2 does not affect the preferential requirement of
plexin-A4 for the guidance of the sympathetic axons and that
plexin-A3 and plexin-A4 are redundantly required in mediating
the migration of sympathetic neurons.
Many factors have been reported to affect the development
of the sympathetic nervous system. These factors include other
axon guidance molecules that have been implicated in neural
crest migration, such as ephrins, and neurotrophins that guide
sympathetic migration and axon innervation (Honma et al.,
2002; Krull et al., 1997; Kuruvilla et al., 2004). It seems clear
that these factors are required at multiple specific points of
development to ensure the completion of sympathetic develop-
ment but how all these signals are integrated during develop-
ment remains to be addressed. Our results indicate that plexin-
A3 and plexin-A4 are upregulated after sympathetic differentia-
tion has occurs to specifically mediate semaphorin signals.
Since many of the plexin-A3/-A4 double mutant mice survive
into adulthood, it will also be interesting to know what the
consequence of the sympathetic abnormality is and whether
these abnormalities are corrected later in development.
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